Current Affairs in the Dairy Industry
=====================================

The dairy industry is a dynamic global business, which plays an important role in the sustainability of the economies of many countries. According to the International Dairy Federation (IDF), 748.7 million tons of raw milk was produced in 2011, of which cow's milk accounted for 620.7 million tons. Taking into account that dairy production has steadily been growing since 2000 (International Dairy Federation \[IDF\], 2013), it is not surprising that the Food and Agriculture Organization of the United Nations (FAO) estimated global raw milk production to be worth 292 billion USD in 2011, while trade in dairy products (such as cream, butter, cheese, whey, buttermilk, skim and whole milk powders, casein, yogurt, lactose, and infant formula) represented 69 billion USD. Meanwhile, in the European Union, raw milk, and dairy products were valued at 53.1 billion EUR, which accounts for 14% of the total value of the EU agricultural output in 2011 ([@B141]). In 2013, according to the European Commission milk statistics, the estimated average milk yield across the EU-28 was 6.411 ton/head, with Denmark, Sweden and Finland having the highest average milk yield per cow (Eurostat website, 2013 -- <http://ec.europa.eu/eurostat>).

With the abolition of milk quotas in April 2015, it is expected that milk producers across the EU will be facing new and demanding economic challenges. The European Commission, in its 'milk package' provisions, has already anticipated that there will be a potential increase in milk production, especially across quota-bound countries such as Ireland, Germany, the Netherlands, Denmark, Austria, Poland, and France ([@B61]). Consequently, with the favorable trade in milk and more prominent consumption of dairy products across households, it is anticipated that dairy ingredients will be generated on a much larger scale to meet these growing demands. However, to match up with the high-scale production, it is essential for processors to ensure that processing capacity meets the expected increased milk supply without comprising on quality and customer expectations. Therefore, quality issues affecting the dairy industry will need to be assessed and addressed to maintain product quality and safety. The continued control of *Bacillus* and related spore-forming bacteria will be key in this regard.

Determining the Quality of Milk
===============================

Milk present in healthy udder cells is sterile ([@B230]). However, it can subsequently become contaminated *via* different sources such as the external surfaces of animals or from other environments during milking, transport, storage, or processing. An amalgam of different factors, such as composition, udder health and hygiene, are assessed to determine the quality of raw milk ([@B159]).

Milk quality, good hygiene, and farm management practices are frequently monitored according to total bacterial count (TBC) testing of the product and relates to the total number of living bacteria per ml of milk. A failure to refrigerate appropriately ([@B17]) can also lead to an increase in TBC. The legal TBC limit in farm raw milk is set at 100,000 cells/ml (based on a geometric average over 2 months with at least two tests per month) across the EU and the Americas, with most farms striving for a desirable and achievable count of around 10,000 cells/ml (derived from [@B92]). In the dairy industry, it can be assumed that any grade A unpasteurized milk that has a TBC of less than 100,000 cells/ml will be cleared of pathogenic and most non-pathogenic bacteria during pasteurization ([@B163]). Among the other microbiology-based tests that are carried out to assess the quality and safety of milk and resultant dairy products, are those designed to quantify thermoduric populations and specific pathogens, such as *B. cereus*. Whilst the monitoring and control of foodborne pathogens is traditionally performed using culture-dependent approaches and standard biochemical identification, the advent of rapid, highly specific and highly sensitive detection methods has resulted in time-efficient, labor-saving, and reliable approaches ([@B138]; [@B28]; [@B123]). These rapid methods are divided into three specific categories -- nucleic acid-based assays, immunological methods, and biosensors ([@B138]). Thus, controlling the levels of *Bacillus* and related spore-forming bacteria is key.

*Bacillus* and Related Spore-Forming Bacteria and the Dairy Industry
====================================================================

As milk is highly nutritious and has a near neutral pH and high water activity, it provides an ideal environment for the proliferation of microorganisms ([@B177]). The microbiota of raw milk is rather complex, with the microbial community differing in response to hygiene, seasonality, animal species, animal health, and a variety of other factors ([@B178]). Of the microorganisms that can enter into the milk chain on farms or through dairy processing lines, the spore-forming bacteria are a particular concern as they have the ability, when in the spore form, to withstand harsh environmental conditions ([@B129]; [@B176]). Spore-formers are a primary cause of concern for manufacturers of powdered dairy ingredients and can be sub-categorized as being thermophilic, mesophilic or psychrotolerant in nature, with thermophilic spore-formers being more prevalent in the end product. The US Dairy Export Council has set strict tolerances for mesophilic (\<1000 cfu/g) and thermophilic spores (\<500 cfu/g) in dairy powders and hence, understanding the factors that lead to their proliferation and survival within processing plants is necessary to control and reduce their presence ([@B241]).

Unfortunately, spore-forming bacteria are ubiquitous bacteria commonly found in the soil as well as being natural colonizers of the gastrointestinal tract of insects and warm-blooded animals ([@B176]). They are Gram-positive organisms encompassing more than 200 species that are capable of forming endospores, which make them resistant to extreme conditions such as pressure, extreme heat or cold, drought, starvation, biocides, and UV irradiation ([@B149]). Spore-forming bacteria belong to the phylum Firmicutes, which can further be divided into five distinct classes: *Bacilli, Clostridia, Erysipelotrichia, Negativicutes*, and *Thermolithobacteria* ([@B74]; [@B253]). Even with constant evolution and re-classifications, the *Bacilli* and *Clostridia* remain the most dominant classes within the Firmicutes phylum, consisting of 16 and 21 families, respectively ([@B74]) and are arguably the most important classes that are relevant to the dairy industry.

Anaerobic spore-forming bacteria of the *Clostridium* genus, especially *C. botulinum* and *C. perfrigens*, are thought to be the most lethal foodborne microorganisms due to the array of potent toxins and neurotoxins they produce. The prevalence and significance of *Clostridium* sp. in the dairy industry has recently been reviewed by [@B54] and will, therefore, not be the focus of further discussion in this review. Meanwhile, the aerobic spore-forming bacteria (*Bacillus* and related genera) greatly impact on quality, food safety, and the economy due to their spoilage-causing capabilities and to a lesser extent, disease-causing potential. In an attempt to give an insight into this broad area, the following genera will be briefly described in this review: *Bacillus, Geobacillus, Paenibacillus, Brevibacillus, Sporocarcina*, and *Paenisporosarcina*.

The *Bacillus* Genus
--------------------

The *Bacillus* genus, part of the Bacillaceae family, is probably the oldest and most diverse genus of bacteria. As per the review of [@B207], *Bacillus* sp. have a remarkable range of physiological characteristics that renders appropriate categorization and generalizations impossible. Although their main habitat has always been considered to be the soil, it is now being suggested that soil may simply act as a reservoir for *Bacillus* sp. ([@B95]). Indeed, it would seem that their expansive physiology has allowed these species to colonize almost all natural environments including soil, air, lake sediments, water, and fodder as well as extreme environments such as thermal acid water, salt marshes, hot springs, sub-Antarctic soil, and diseased bee larvae ([@B35]).

Consisting of over 280 validly published species to date (LPSN [www.bacterio.net](http://www.bacterio.net)), most members of this genus are considered non-pathogenic with only *B. anthracis* and *B. cereus* as outright exceptions. Nonetheless, an in-depth analysis into the *Bacillus* genus, by [@B49], has demonstrated that although species other than *B. cereus* have not been implicated in food poisoning cases, cellular assays have confirmed the production, and functionality of heat-labile toxins by *Bacillus circulans, Bacillus lentus, B. subtilis* ([@B14]), *Bacillus licheniformis* ([@B14]; [@B127]), *Bacillus pumilus* ([@B127]), and *Bacillus amyloliquefaciens* ([@B171]) and cereulide-resembling toxins by *B. licheniformis* ([@B14]; [@B190]; [@B146]; [@B72]; [@B225]), *B. pumilus* ([@B218]; [@B72], [@B71]), *B. amyloliquefaciens* ([@B144], [@B145]), *Bacillus mojavensis* ([@B71]), *B. subtilis* ([@B14]; [@B72]), *Bacillus simplex, Bacillus firmus, Bacillus megaterium* ([@B225]), *B. circulans* and *B. lentus* ([@B14]).

### Bacillus cereus

Most relevant to this review, therefore, is the pathogenic soil-dweller *B. cereus* that is commonly encountered in raw milk and subsequent dairy products. The various strains of this species produce several potentially pathogenic substances such as hemolysins, phospholipases C, the emesis-causing toxin (Cereulide), enterotoxins, metalloproteinases, collagenases, and beta-lactamases ([@B232]). *B. cereus* has been linked to foodborne emetic and diarrheal syndromes and has been a known causative agent of food poisoning for more than 40 years ([@B77]).

The emetic syndrome is caused by cereulide, which is synthesized by a non-ribosomal peptide synthetase that is encoded by the *ces* genes ([@B58]; [@B180]). Cereulide is a small, heat-stable circular dodecadepsipeptide that has been shown to be toxic to mitochondria by acting as a potassium ionophore ([@B2]; [@B203]; [@B147]), can cause cellular damage in animal models ([@B58]) and have an immunomodulating effect that can inhibit human natural killer cells ([@B161]). The emetic toxin is produced by cells growing in the contaminated food ([@B116]), and causes nausea and vomiting within 1--5 h of ingestion ([@B78]; [@B195]). Although the exact number of *B. cereus* cells needed to produce adequate toxin to cause disease has not been determined, levels of 10^3^--10^10^ CFU g^-1^ have been detected in foods, which have caused outbreaks ([@B79]).

The diarrheal syndrome, on the other hand, is caused by, at least, three known heat-labile enterotoxins: hemolysin BL (Hbl; [@B15]), non- hemolytic enterotoxin (Nhe; [@B84]), and cytotoxin K (CytK; [@B133]). Hbl and Nhe each consists of three individual protein subunits while CytK belongs to the family of β-barrel pore-forming toxins ([@B213]). Vegetative cells that are ingested as viable cells or spores produce protein enterotoxins in the small intestine causing the diarrheal syndrome, a mechanism sometimes termed a toxicoinfection ([@B83]; [@B6]; [@B36]). The main symptoms of *B.cereus*-related diarrhea include abdominal cramps and watery diarrhea 8--16 h after ingestion ([@B58]). The infective dose of the diarrheal disease has been described as ranging between 10^5^ and 10^8^ CFU g^-1^ of food although lower and much higher counts of viable cells or spores have also been reported ([@B79]).

*Bacillus cereus* strains are able to survive industrial pasteurization processes due to the production of spores while psychrotrophic strains are able to survive refrigeration temperatures, and can affect the shelf-life of pasteurized milk and cream ([@B85]). Studies into the prevalence of aerobic spore-formers in raw milk have demonstrated that aerobic spore counts fluctuate with seasonal changes, with higher counts in the summer when cows are kept grazing outdoors as compared to the winter when cows are kept indoors ([@B33]). *B. cereus* is potentially the only food-poisoning causing pathogen in the *Bacillus* genus, but, several other species have been recognized as being the cause of bacterial spoilage of milk and milk products. Irrespective of seasonal, regional and methodological fluctuations, the microbiota of raw milk shows a few general trends -- psychrotolerant strains of *B. cereus* are the predominant species in raw milk in the summer period ([@B193]); *B. licheniformis, B. pumilus*, and *B. subtilis* represent the principal mesophilic spore-forming species ([@B172]; [@B219]; [@B224]; [@B132]) while thermotolerant strains of *B. licheniformis* are the most prevalent thermophilic or thermotolerant species ([@B172]).

### Bacillus licheniformis

*Bacillus licheniformis*, alongside *B.cereus*, has been shown to be one of the most prevalent *Bacillus* species encountered in raw milk and along the dairy processing continuum ([@B107]; [@B193]). Although, *B. licheniformis* is not categorized as a human pathogen, the spores of the bacterium are known to cause spoilage of milk and dairy products, raise specification compliance problems and have adverse effects on milk organoleptic and functional properties ([@B43]; [@B51]). Previous studies have demonstrated that *B. licheniformis* strains encountered in dairy foods show extensive genetic heterogeneity, with the high prevalence in the dairy industry attributed to contamination from external sources such as soil and silage as well as sources intrinsic to dairy processing factories ([@B189]; [@B194]; [@B50]). *B. licheniformis* is often associated with milk powders that have a low spore count due to its inability to form biofilms and is also known to be among spore-formers capable of producing spoilage enzymes ([@B49]; [@B186]).

*Bacillus licheniformis* was the second most common thermophilic spore-former detected in a survey of 28 milk powder samples sourced from 18 different countries, with a total occurrence of 39.2% ([@B189]). The same study highlighted the presence of a specific *B. licheniformis* strain in 27 out of the 28 milk powder samples, indicating its ubiquity as a common soil isolate ([@B189]). Studies into the seasonal effects of the bacterial flora of farms in the Midwest, USA (bulk tank milk, environment, and corn silage) identified that *B. licheniformis* was the predominant species in summer (49.4%) as well as in winter (62%), albeit having lower numbers in summer ([@B22]). In line with other studies, infant milk formula (IMF) and whole milk powders sampled from diverse manufacturers in China identified *B. licheniformis* as the most prevalent thermophilic bacilli in Chinese milk powders, with an occurrence of 36.8% out of 801 isolates ([@B251]). The high prevalence of *B. licheniformis* in milk samples is potentially attributed to its widespread distribution in the environment and across the dairy farms, e.g., feed concentrate, fecal matter, soiled udders and teats, raw milk as well as from factory-derived contamination ([@B233]; [@B189]; [@B194]; [@B186]).

### Bacillus thuringiensis

*Bacillus thuringiensis* forms part of the *B. cereus* group of bacteria (*B. cereus* sensu lato) and is known to be biochemically identical to *B. cereus* sensu stricto. The bacteria is known to produce similar enterotoxins as *B. cereus* sensu stricto, with some commercially used strains known to have genes for Hbl, Nhe, and CytK ([@B113]). However, due to the fact that standard methods for detection and enumeration (ISO7932 and ISO21871) in food and clinical settings do not differentiate between the two species, the occurence of outbreaks due to *B. thuringiensis* is often underestimated ([@B8]; [@B62]; [@B113]). Despite its known pathogenicity, *B. thuringiensis* has only been implicated in one confirmed case of food poisoning even though it has previously been isolated from a variety of food products including milk, farm bulk tank and creamery silo milk indicating the potential attribution of outbreaks to *B. cereus* sensu stricto rather than the actual *B. thuringiensis* ([@B172]; [@B104]; [@B46]). For years, commercial preparations of *B. thuringiensis* have been used as biological insecticides, since it is an entomopathogen capable of producing several insecticidal proteins ([@B125]). Hence, spraying of agricultural crops with *B. thuringiensis* preparations to protect against insect infestations is common, raising the question of the prevalence of enterotoxins that are pathogenic to humans, should the bacterial preparations persist upon consumption.

### Other *Bacillus* sp.

Other *Bacillus* species such as *B. weihenstephanensis, B. pumilus*, and *B. subtilis* often isolated from milk and farm environments have been reported to either produce putative cereulide, the emetic toxin produced by *B. cereus* or other enterotoxic substances that can be harmful to humans ([@B157]; [@B248]). *B. weihenstephanensis* is a psychrotolerant bacterium known to cause spoilage but its pathogenicity has yet to be elucidated ([@B229]; [@B96]; [@B212]). *B. pumilus* is not known to commonly cause human infections but has previously been isolated from mastitic milk samples in Finland ([@B157]; [@B25]). *B. subtilis*, on the other hand, although not traditionally categorized as a human pathogen, has been reported to be involved in food poisoning cases, e.g., in a 2005 outbreak in a kindergarten caused by milk powder, with vomiting being the most common symptom but is often accompanied by diarrhea ([@B168]; [@B128]). However, it is believed that outbreaks caused by *B. weihenstephanensis, B. pumilus*, and *B. subtilis* are often attributed to *B. cereus*, unless further in-depth microbiological identifications are initiated ([@B128]). Another spore-forming bacterium encountered globally in milk products is the highly heat resistant spore-producing *B. sporothermodurans* ([@B170]). The occurrence of *B. sporothermodurans* has mostly been identified in indirectly UHT-processed milk and affected milk products ranged from whole, skimmed, evaporated, or reconstituted UHT milk to UHT cream, chocolate milk, and milk powders ([@B87]; [@B114]).

Because of their ubiquity in nature, the actual source of contamination by *Bacillus* sp. on dairy farms can seldom be determined exactly and is probably a cumulative process as raw milk is extracted, processed, transported, and stored. Most common contamination sources include soil, bedding material, silage, feces, rinse water from milking equipment, and feed ([@B33]; [@B136]). Once raw milk is contaminated by these spoilage species, the entire milk processing continuum is affected since some *Bacillus* sp. produce highly hydrophobic spores that can firmly adhere to inert materials used in food processing, e.g., stainless steel and polymers to form multicellular structures called biofilms ([@B243]; [@B99]). Once attached to manufacturing plants, these biofilms become a reservoir of spores, which act as the main contamination source of final dairy products indicating poor plant hygiene ([@B23]). In the last section of this review, we address in greater detail the issue of biofilm formation.

The *Geobacillus* Genus
-----------------------

The genus *Geobacillus* was established by [@B156] following reclassification of the thermophilic bacilli of genetic group 5 (group 5 is one of the five phylogenetically distinct clusters of Bacillus, based on 16S rDNA sequence alignment; [@B9]; [@B179]; [@B245]; [@B118]). Part of the Bacillaceae family, *Geobacillus* comprised of 19 species and four sub-species at the time of writing (LPSN [www.bacterio.net](http://www.bacterio.net)). Various investigations have shown that *Geobacillus* strains are wide spread in the environment, having been isolated from high-temperature environments such as geothermal features or sub-surface layers of high-temperature oil fields as well as cooler environments, e.g., cool soil samples or hay compost ([@B217]; [@B11]; [@B139]).

*Geobacillus* sp. are known to be among the most common contaminants of milk powders. As an obligate thermophile that grows at temperatures ranging between 48 and 60°C, *Geobacillus* is able to survive industrial pasteurization of raw milk and subsequently, spores adhere to surfaces and germinate to form biofilms, resulting in spoilage of milk products ([@B154]; [@B198]). Although not pathogenic, members of this species and most importantly the aforementioned, *Geobacillus stearothermophilus*, is a proven problematic spore-forming bacterium encountered in whole and skim milk powders produced across the world ([@B189]). An RAPD-based (random amplified polymorphic DNA) survey by [@B189] established that *G. stearothermophilus* accounted for 10.8% of all isolates (742) tested in milk powders originating from Poland, Germany, Netherlands, Great Britain, USA, Mexico, Chile, South Africa, Australia, and New Zealand. Meanwhile, a survey undertaken at a whole milk powder manufacturing plant in New Zealand reported that *Geobacillus* sp. were able to colonize all stages of the manufacturing process (evaporators, surface heaters, homogeniser, and vibrofluidiser) apart from the pre-heating process ([@B196]). The same study also highlighted that *Geobacillus* sp. was the predominant thermophilic spore type isolated from foulant samples collected from different sites of the processing stages after a manual shutdown, indicating a potential source of inoculum for *Geobacillus* sp. ([@B196]).

*Geobacillus* strains were also isolated from a biodiversity survey looking at spoilage and non-spoilage associated aerobic spore-formers in dairy processing and food products ([@B131]). In this study, *Geobacillus* sp. represented 10% of the 467 investigated isolates with *G. stearothermophilus* (41 isolates) being the most prevalent *Geobacillus* strain followed by *G. pallidus* (five isolates) and *G. thermoleovorans* (two isolates; [@B131]). [@B254], in their investigation into biofilms formed by thermophilic spore-formers, affirmed that the most potent biofilm-forming *Geobacillus* strains isolated from the dairy industry are *G. stearothermophilus* and *G. thermoglucosidans.* The study showed that *Geobacillus* species have greater ability to form biofilms at air-liquid interfaces rather than submerged surfaces, with the most stable spore-producing *G. thermoglucosidans* requiring proteolytic input from other spoilage organisms to thrive ([@B254]). However, although *Geobacillus* sp. are common contaminants encountered in the dairy industry, not many reproducible genotypic assays to differentiate between different strains and their potential sources exist as routine testing relies on biochemical differences ([@B198]). Even though previous studies have used random amplification of polymorphic DNA PCR (RAPD_PCR) to genotype *Geobacillus* sp., poor reproducibility and inaccurate interpretation of banding patterns render the technique questionable ([@B198]). Other approaches such as genotyping of specific housekeeping genes have also been trialed but without much success, highlighting the need for research into novel genotypic assays ([@B57]).

The *Paenibacillus* Genus
-------------------------

The *Paenibacillus* genus was coined by [@B10] following a thorough investigation into the 16S rRNA gene sequences of 51 species of the *Bacillus* genus ([@B9]). This genus is now part of the Paenibacillaceae family and currently comprises of 154 named species (LPSN [www.bacterio.net](http://www.bacterio.net)). The type species is *Paenibacillus polymyxa* (LPSN [www.bacterio.net](http://www.bacterio.net)). Normal environments of *Paenibacillus* strains include soil, the rhizosphere of plants, water, diseased insect larvae, and food products ([@B45]; [@B3]). As highlighted in a review by [@B91], low numbers of *Paenibacillus* spores can be found in both raw and pasteurized milk. Although there had been no previous reports of these spores surviving industrial sterilization or UHT processing of milk, *Paenibacillus lactis* has been isolated directly from raw and UHT milk as well as from the dairy farm environment ([@B192]). In that particular study, *P. lactis* was isolated in conjunction with *B. sporothermodurans*, a bacterium that produces endospores capable of resisting ultra-high temperature (UHT) and industrial sterilization processes ([@B90]). The simultaneous isolation of these two species indicates that *Paenibacillus* is also capable of resisting UHT and go on to have an impact on food safety and quality ([@B192]). In the dairy farm environment, the most common sources of raw milk contamination with *Paenibacillus* strains are silage and feed concentrate for cattle ([@B233]; [@B226]).

Alongside *Bacillus* sp., *Paenibacillus* sp. has been classified as being an essential limiting factor in the shelf-life of high temperature short time (HTST) pasteurized fluid milk due to their ability to survive HTST pasteurization regimens as well as thrive at refrigeration temperatures ([@B73]; [@B57]; [@B98], [@B97]). A real-time PCR-based investigation into pasteurized fluid milk products by [@B183] has indicated that, once post-pasteurization contamination is excluded, *Bacillus* sp. is more prevalent in raw milk and at early stages of shelf-life (\<7 days). Meanwhile, *Paenibacillus* sp. is highly prevalent (over 95% of the bacterial population) late in shelf-life (\>10 days; [@B182]) as they are psychrotolerant and grow extensively during refrigerated storage. However, due to the lack of appropriate molecular-based rapid detection assays for spoilage microorganisms such as *Paenibacillus* sp., it is only recently that *Paenibacillus* has been characterized as the predominant fluid milk spore-forming spoilage genus ([@B73]; [@B97]; [@B181]; [@B103]).

Other Related Genera
--------------------

The *Brevibacillus* genus was established by [@B202] following genetic reclassification of species belonging to the *Bacillus brevis* group and now forms part of the Paenibacillaceae family ([@B191]). At the time of writing, this genus included 20 species with validly published names (LPSN [www.bacterio.net](http://www.bacterio.net)). As far as milk spoilage is concerned, a few species of *Brevibacillus* have been encountered in 'commercially sterilized' milk, raw milk, silage and milking equipment ([@B130]; [@B194]). A polyphasic taxonomic study of aerobic endospore-forming bacteria by [@B130] isolated two strains of *Brevibacilllus agri* (LMG 19651, LMG 19652) from samples of 'commercially sterilized' milk. Meanwhile, a molecular-based investigation (amplified ribosomal DNA restriction analysis, 16S rRNA gene sequencing, percent G+C content and DNA-DNA reassociations) into 17 dairy farms in diverse locations across Belgium indicated the presence of *B. agri* (4.8% of the total samples under investigation), *B. borstelensis* (7.2%) and *Brevibacillus* sp. (4.8%) in raw milk collected over a 5-months period in the winter ([@B194]). Low levels of *B. borstelensis* (17 isolates from four samples) were also detected in whole milk and skim milk powders in a Chinese study looking at whole, skim and infant milk powders ([@B251]). Hence, *Brevibacillus* is often encountered in milk and milk products globally, albeit at low levels.

The *Sporosarcina* genus, established by [@B115], forms part of the family of the Bacillaceae. At the time of writing, the genus comprised 12 species with *Sporosarcina ureae* being the type species ([@B249]; [@B185]; [@B5]; [@B122]; [@B250]; [@B231]; [@B108]; [@B244]). *Sporosarcina* originate from and are able to thrive in a variety of environments, e.g., soil, seawater, pond water in the Antarctic, human blood, raw bovine milk or factory equipment used in the manufacture of soy sauce ([@B249]; [@B122]; [@B250]; [@B231]; [@B244]). Meanwhile, the *Paenisporosarcina* genus was established by [@B117]. At the time of writing, this genus comprised of four species. An investigation into environmental samples collected from a New York State dairy farm, using a developed culture-dependent selection strategy and an *rpoB* sequence-based subtyping method, yielded only 0.2% of *Sporosarcina* sp. ([@B97]). Therefore, based on this study, the prevalence of *Sporosarcina* and *Paenisporosarcina* strains in foodstuffs and, more relevantly, milk, is not high when compared to other aerobic spore-formers.

Spoilage of Milk and Dairy Products by *Bacillus* and Related Genera
====================================================================

Aerobic spore-forming bacteria are a major concern to the dairy industry, less for their pathogenicity but more for their spoilage-causing capabilities. Food safety and product quality are known to be affected by these microoorganisms by three different mechanisms -- (i) production of toxins, (ii) production of spoilage enzymes, and (iii) affecting the production of secondary dairy products such as cheese, yogurt, and milk powders ([@B49]). *B. cereus* is an example of a spore-former, commonly encountered in the dairy industry that is capable of causing food poisoning *via* the production of toxins as demonstrated in Section "*Bacillus cereus*."

Production of Spoilage Enzymes
------------------------------

Enzymes, indigenous or microbial, can either be beneficial or detrimental to the dairy industry. Raw milk originating from healthy udder cells already contains an array of indigenous enzymes ([@B7]; [@B48]). However, most of these enzymes do not affect food safety and product quality, with only proteases and lipases that extensively influence the value and quality of milk and milk products by impacting on sensory qualities such as texture, taste, aroma, and nutritional value ([@B227]).

On the positive side, indigenous milk proteases such as plasmin are essential for the manufacture of many cheeses while esterases or lipases impact on cheese flavor development by hydrolysing milk fat to free fatty acids ([@B209]; [@B94]). Though enzymes produced by bacteria are mostly regarded as unfavorable, enzymes deriving from lactic acid bacteria (LAB) are of critical importance ([@B143]) and influence sensory properties of products, especially flavor and texture in cheese and yogurt ([@B81]).

In contrast, spoilage enzymes encountered in the dairy industry originate from a range of bacteria, namely, *Pseudomonas* ([@B1]), *Clostridium, Arthrobacter, Microbacterium, Streptococcus, Corynebacterium* ([@B30]), *Flavobacterium, Acinetobacter* ([@B42]) and most importantly, the order Bacillales which include the *Bacillus, Paenibacillus*, and *Viridibacillus* genera ([@B39]; [@B173]; [@B151]). These microorganisms produce a variety of proteases, lipases, and phospholipases that impact on the texture of dairy products and cause typical off-flavors ([@B131]). For example, *B. cereus* is known to cause off-flavors such as the ''bitty cream" and ''sweet curdling" as a result of its enzymatic activities. The ''sweet curdling" defect, i.e., the curdling of milk without the addition of any acidifying agent is caused by the action of proteolytic enzymes while the ''bitty cream" defect, which can be described as the floating of clumps of fat, is caused by lecithinase activity ([@B40]). Other off-flavors such as the bitter, fruity, or rancid defects as well as flat-sour spoilage are caused by the presence of an array of other microorganisms in pasteurized and intermittently, UHT milk. Consequently, bacterial enzymes are a major contributor to the spoilage of dairy products and hence, causing considerable economic losses.

Production of Secondary Dairy Products
--------------------------------------

Milk products have been manufactured for millennia to maintain a longer shelf-life. However, the quality and safety of dairy products are heavily dependent on the initial quality of raw milk as the prevalence of any defect or pathogen will most likely be increased during processing. With the global increase in consumption and demand of dairy products, it is essential for dairy manufacturers to strictly adhere to rules and regulations to meet quality control standards and customer requirements. Therefore, the presence of spore-forming bacteria in raw milk poses a major problem with respect to the production of secondary dairy products as they can give rise to several structural, chemical, and organoleptic defects.

### Yogurt

Yogurt is one of the most highly consumed dairy products with, for example, an average production of 1938 million kilograms and consumption of 6.2 kilograms per capita in the US in 2011 ([@B34]). Although the main contaminants of yogurts are yeasts and molds, bacterial contamination by spore-forming bacteria resistant to industrial heat treatments, can gradually lead to deterioration of quality ([@B134]). Common defects encountered in yogurts include high acid levels that produce a high acetaldehyde flavor ([@B236]), defects related to appearance and texture and, most relevant to this review, the incorporation of bitter flavors in the end product caused by proteinase activities of spore-forming bacteria such as *B. cereus* or *B. subtilis* ([@B148]).

### Dairy Powders

In contrast, microbial growth in powdered dairy ingredients is minimal because of their low water content ([@B30]). They can, nevertheless, become contaminated with thermoduric or thermophilic spore-forming bacteria during the manufacturing process. The vegetative cells and spores of these bacteria are able to survive pasteurization and may go on to form biofilms on the stainless steel surfaces of heat exchangers and evaporators ([@B64]). Contamination of the powdered ingredients occur sporadically, when fragments of the cells or biofilms are sloughed off and enter the processing stream affecting both product quality and limiting the run length of the processing plant ([@B66]; [@B93]). Even though most thermophilic bacteria do not go on to cause diseases ([@B196]), given most suitable conditions the dormant spores can germinate, producing acids, and enzymes that impact on the composition and organoleptic properties of the powders ([@B29]; [@B67]). In extreme cases of spore contamination, concentrations of up to 10^5^/g of milk have been detected, which far exceed typical specifications resulting in lower-value out-of-specification products ([@B197]) that fail to meet customer requirements.

### Infant Milk Formula

Infant milk formula is produced in such a way to mimic the composition of human milk in terms of nutrients and its production is regulated by the [@B60] as well as the [@B38]. Powdered IMF is known to influence the development of the gut flora in newborn infants with sterile gastrointestinal tracts. Therefore, for the safety of infants, pathogens such as *S. aureus, B. cereus, C. perfringens*, Enterobacteriaceae (coliforms), and *Salmonella* are screened for in all IMF production batches ([@B135]; [@B68]).

To date, several bacterial genera such as *Bacteroides, Bifidobacterium, Clostridia, Lactobacilli, Streptococci, Salmonella, Klebsiella*, and *Cronobacter* have been reported in IMF ([@B211]; [@B16]; [@B88]; [@B68]). However, the literature focuses mainly on *Cronobacter sakazakii*, an emergent pathogenic contaminant of IMF that causes a life-threatening form of neonatal meningitis, bacteraemia, necrotising enterocolitis, and necrotising meningoencephalitis in healthy as well as premature and immuno-compromised infants ([@B155]; [@B102]; [@B239]). As far as spore-forming bacteria are concerned, the incidence of *Bacillus* sp., albeit at low levels, has been reported in IMF. An Italian study by [@B52], identified 11 (out of 60) positive IMF samples for *Bacillus* sp. with five characterized as *B. cereus* and the remaining being *B. licheniformis, B. subtilis*, and *B. mycoides*. Meanwhile, [@B126] studied three pre-term infants who suffered fatal hemorrhagic meningoencephalitis due to *B. cereus* infections, acquired from unknown sources. Therefore, taking into consideration that IMF can effectively harbor pathogenic microorganisms, it is essential to detect and control these bacteria for the safety of infants and children.

### Cheese

Cheese is one of the most traded dairy products globally, with more than 8.4 million tons produced in the EU in 2011 ([@B160]). Milk, rennet and salt are the only staple ingredients in cheese production, but a variety of microbial interactions with these ingredients allow for the production of approximately a thousand cheese varieties ([@B69]; [@B70]; [@B160]). As a result of the intricate interactions between these microorganisms, cheese is probably one of the secondary products of milk that is mostly affected by spoilage bacteria with a range of factors involved in determining the spoilage. Depending on the spoilage microorganisms present, common cheese defects include taste and odor defects, biogenic amine (BA) formation, gas formation, secondary fermentations, mineral deposition, and cheese pinking ([@B160]).

The main defect in cheese involving spore-forming bacteria is late gas blowing. The latter is usually seen in Dutch or Swiss-type cheeses when spores of butyric acid bacteria germinate during cheese ripening and anaerobically ferment lactate to acetate, butyrate, carbon dioxide, and hydrogen ([@B200], [@B201]). The production of BAs is another defect encountered in cheese. High concentrations of BAs have been detected in fermented and non-fermented foods products since an array of species from different genera can decarboxylate one or more amino acids ([@B137]; [@B140]). Nonetheless, more relevant to this review is the fact that a few strains of *Bacillus* (*B. subtilis, B. megaterium, B. licheniformis, B. amyloliquefaciens*) have amine-producing capabilities ([@B252]). These BAs can cause toxic reactions that are detrimental to health. Amine production cheese is prevalent due the availability of free amino acids after proteolysis, the presence of decarboxylase-positive microorganisms and suitable environmental factors ([@B24]).

In summary, milk is a highly nutritious but perishable food product that can easily harbor a range of spoilage organisms. While contamination with non-spore-forming bacteria post-pasteurization or due to inadequate heat treatments can easily be rectified, contamination with Gram positive thermophilic or psychrotolerant spore-forming bacteria cannot be eradicated due to their ability to survive industrial pasteurization regimens ([@B103]). These spore-forming bacteria are abundant in dust, dairy-feed concentrates, silage and forages, therefore, easily colonize skin and hair of cattle and contaminate milk ([@B124]). Colonization of dairy manufacturing plants by *Bacillus* sp. and relatives give rise to a reservoir of contamination, in the form of biofilms, which result in spoilage and low quality products.

Biofilms
========

The complex process of biofilm formation and dissemination is responsible for the transmission of spoilage as well as pathogenic bacteria in the form of detached clumps and clusters ([@B86]). Bacteria tend to form biofilms to allow survival in hostile environments. These microorganisms can attach to a wide range of surfaces as long as nutrients are available. Surfaces can include living tissues, in-dwelling medical devices, industrial or potable water system piping, stainless steel food processing equipment or natural aquatic systems ([@B53]). Research has shown that biofilm formation is widespread in food and beverage industries due to the high availability of nutrients and organic components. Once these biofilms are established, they go on to cause substantial losses to industries in a variety of ways. Significantly, a number of food pathogens, including *Listeria monocytogenes, B.cereus* and *Salmonella* sp. are among those capable of forming biofilms ([@B32]).

The Effects of Biofilms in Dairy Processing Plants
--------------------------------------------------

Milk is an ideal culture medium for both spoilage and pathogenic microorganisms, which go on to contaminate milk processing lines and dairy products. These microorganisms can contaminate either in the form of vegetative cells, spores, or detached biofilm clumps that adhere to the stainless steel components. Processing lines in dairy manufacturing plant are generally made of stainless steel as it matches the requirements of materials that come in contact with food. Even though stainless steel is the ideal material to use for equipment in dairy manufacturing plants, the aggregation, adherence, and contamination by biofilms cannot be prevented. Studies have established that dead ends, corners, cracks, crevices, gaskets, valves, and joint are all suitable areas for biofilm formation and, therefore, it is essential to use surfaces with minimal cracks and crevices to reduce bacterial adherence and biofilm formation ([@B214],[@B215]; [@B21]).

The most common aerobic thermophilic/thermoduric spore-formers identified across dairy manufacturing plants, and dairy products, belong to the *Bacillus* and *Geobacillus* genera, with *B. licheniformis, B. coagulans, B. cereus, B. pumilus*, and *Geobacillus* sp. (mainly *G. stearothermophilus)* being frequently identified in dairy biofilms ([@B65]; [@B154]; [@B164]; [@B196]; [@B24]; [@B199]; [@B251]). As noted above, *G. stearothermophilus* is a non-pathogenic, aerobic spore-forming bacterium that is commonly isolated from contaminated milk products, especially milk powders but is only present at low levels in raw milk ([@B154]). Several studies have demonstrated that the bacterial adhesion process can also be influenced by additional secondary factors. For example, bacteria such as *B. cereus* require additional milk components such as natural surfactants and phospholipids to colonize stainless steel equipment as it has been shown that certain strains of *B. cereus* can form biofilms in whole milk but not in water-diluted milk, probably due to the presence of surface-active compounds found in whole milk that act as a surfactant in biofilm formation ([@B199]). However, with respect to protein fouling, milk proteins, and milk aggregates can contribute to the growth of adherent bacteria as a consequence of being ideal substrates for bacterial growth, giving high specific growth rates and having the ability to sustain bacterial populations for a long period of time ([@B247]). Investigations involving several species of *Bacillus* have established that the spore form of the bacterium attaches more readily than vegetative cells to stainless steel components as they have a relatively high hydrophobicity, are able to resist heat and chemicals and have greater solid surfaces-adhering capabiities ([@B187]; [@B188]; [@B99]).

Once these biofilms have colonized the processing environments, it does not take long before they start to detach and disperse, leading to contamination of products. Biofilm detachment can occur by three different processes -- (i) erosion that occurs due to fluid shear forces; (ii) abrasion, which is the result of collision of particles and (iii) sloughing, which can be defined as the instant loss of large parts or the complete biofilm ([@B153]; [@B76]). Given that biofilms can cause such a variety of potential hazards for the dairy industry, it is essential that companies maintain good hygienic practices and comply with high customer specifications, stringent biofilm monitoring and control strategies ([@B142]; [@B65]; [@B199]).

Monitoring of Biofilms
----------------------

Detection, monitoring and control of biofilms in the dairy industry are vital to controlling spoilage of heat-treated products and, in the context of pathogenic microbes, ensuring consumer safety. To be able to minimize contamination and build-up of biofilms within equipment, adequate, and timely monitoring is of the essence. Biofilm detection and monitoring have, over the years, been performed using culture-dependent as well as culture-independent online methods. While a myriad of approaches are available, it has been highlighted that some of the methods developed in the laboratory to detect and monitor biofilms cannot directly be transferred to industrial settings due to their delicate nature or limited practicability ([@B105]).

The most common of the biofouling monitoring methods that are used by industry involve indirect testing through assessing process performance, product quality or off-line chemical, physical, and biological studies on samples collected from the manufacturing process ([@B63]). However, other approaches exist which rely on qualitative visual inspection of equipment, direct measurement of microbiological characteristics of biofilms, heat transfer and pressure drop measurements across the manufacturing line, measurement of optical signals, measurement of electric signals, or measurement of vibration signals ([@B169]). Biofilm detection has also been attempted by researchers and clinicians using a variety of molecular methods. These, and other, techniques are not discussed in detail in this review and readers are referred to several other reviews that specifically address the topic of biofouling monitoring ([@B63]; [@B105]; [@B89]; [@B169]; [@B223]). Once accurate detection and monitoring approaches have been established, the next step is then to devise and apply reliable control measures.

Control of Biofilms
-------------------

As is apparent from the information provided above, the control and removal of biofilms is essential with respect to preventing the contamination of dairy products. It is also critical with respect to preventing mechanical blockages and failures in equipment. Several approaches can be used to control biofilms in the dairy industry and the most common ones are as follows: alteration of the surface chemistry to prevent cell attachment, treatment of surfaces with antimicrobial agents, optimization of the process and equipment design or the use of intensive cleaning regimens ([@B19]). In the latter case, cleaning-in-place (CIP) processes are particularly important. These involve the washing out of milk processing lines with cleaning and sanitizing chemicals, with additional antimicrobial substances for an enhanced performance. Although CIP has proven to be a valuable strategy since its introduction in the 1950s ([@B21]), there have been efforts to develop new strategies based on increased understanding of bacterial genetics, systems biology, materials and mechanic engineering and chemical biology ([@B223]). Other strategies to control biofilms in the dairy industry have also been proposed. These include the so-called green strategy for biofilm control, namely enzyme-based detergents, control using bacteriophages and control through microbial interactions or metabolite molecules ([@B206]); disinfection and removal of biofilm layers using ozone (O~3~) water and hydrogen peroxide solution ([@B220]); ultrasound treatments coupled with heat and/or pressure ([@B174]); high-intensity focused ultrasound ([@B246]); *via* the usage of biotherapeutic agents such as lactoferrin ([@B4]) and *via* the usage of a variety of antimicrobials such as nisin, lauricidin or reuterin ([@B56]; [@B59]). Some of these approaches are described in greater depth below, and a summary of the benefits and limitations of the various approaches can also be found in **Table [1](#T1){ref-type="table"}**.

###### 

Benefits and limitations of approaches used to control and remove biofilms prevalent in the dairy industry.

  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Control strategies                        Examples of approach                                                                                                                                                            Pros                                                                                                                  Cons                                                                                                                   Reference
  ----------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- --------------------------------------------------------------------------------------------------------------------- ---------------------------------------------------------------------------------------------------------------------- ------------------
  **Physical approach**                                                                                                                                                                                                                                                                                                                                                                                                                                                  

  \(1\) Cleaning-in-place processes (CIP)   *Via* a combination of acidic (e.g., nitric acid) and alkaline (e.g., sodium hydroxide) detergents                                                                              • Highly efficient if specifically optimized as per the fouled deposits being treated\                                • High water consumption\                                                                                              [@B162]\
                                                                                                                                                                                                                            • Multi-functional systems are efficient and economic\                                                                • High energy usage to operate equipment\                                                                              [@B222]
                                                                                                                                                                                                                            • Efficiency of regimes can be increased by altering conditions such as temperature and concentration of detergents   • Single-use CIP units are expensive to operate\                                                                       
                                                                                                                                                                                                                                                                                                                                                  • Process is time-consuming and any cleaning time is classified as downtime                                            

  (1a) Chemically enhanced CIP              Specific CIP with the addition of surfactants, chelating compounds, emulsifying agents, or complexing agents                                                                    • Chemicals increase effectiveness of cleaning process\                                                               • Chemicals are non-biodegradable and not environmentally friendly\                                                    [@B242]
                                                                                                                                                                                                                            • Provide bacteriostatic conditions to delay further growth of microorganisms                                         • Increased costs\                                                                                                     
                                                                                                                                                                                                                                                                                                                                                  • Requires post-cleaning neutralization                                                                                

  (1b) Biologically enhanced CIP            Specific CIP with the addition of enzymes                                                                                                                                       • Reduced usage of potentially hazardous chemicals\                                                                   • Commercial enzymatic preparations are expensive\                                                                     [@B167]
                                                                                                                                                                                                                            • More environmentally friendly than using chemicals\                                                                 • Enzymatic activity can be reduced by the presence of *in situ* inhibitors                                            
                                                                                                                                                                                                                            • Reduced energy consumption as enzymes can operate at low temperatures\                                                                                                                                                                     
                                                                                                                                                                                                                            • Enzymatic cleaning reduces chemical and thermal stress on cleaning equipment                                                                                                                                                               

  \(2\) Ultrasonication                     Low frequency/high intensity ultrasound (≥20 kHz)                                                                                                                               • Easily de-agglomerates bacterial clusters by acoustic cavitation\                                                   • Technique is expensive due to high intensities required\                                                             [@B106]\
                                                                                                                                                                                                                            • No loss of nutrients and flavors as ultrasonication is non-thermal                                                  • Not efficient enough on its own and requires combining with other treatment techniques such as enzymes or biocides   [@B26]\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                         [@B210]

  **Biological approach**                                                                                                                                                                                                                                                                                                                                                                                                                                                

  \(1\) Biological biocides                 Enzymes (e.g., proteases and polysaccharide-hydrolysing enzymes) and bacteriocins (e.g., nisin, lacticin 3147, or pediocin PA1)                                                 • Environmentally friendly\                                                                                           • Enzymes are highly specific and setting up a cocktail of enzyme against biofilms is time-consuming and expensive\    [@B37]; [@B208]\
                                                                                                                                                                                                                            • Bacteriocins deriving from lactic acid bacteria have GRAS status (generally recognized as safe)\                    • Bacteria in biofilms have developed resistance to biocides\                                                          [@B75]
                                                                                                                                                                                                                            • Wide antibacterial spectrum\                                                                                        • Bacteriocins do not always target the desired bacterial group\                                                       
                                                                                                                                                                                                                            • Bacteriocins are not active and non-toxic to eukaryotic cells\                                                      • A complex food microbiota can reduce the efficacy of bacteriocins                                                    
                                                                                                                                                                                                                            • Bacteriocins do not affect the gut microbiota                                                                                                                                                                                              

  \(2\) Bacteriophages                      Act *via* a lytic or lysogenic pathway to infect bacteria                                                                                                                       • Highly specific to target pathogenic bacteria\                                                                      • Phage-resistance mechanisms are evolving\                                                                            [@B120];\
                                                                                                                                                                                                                            • Self-limiting\                                                                                                      • Some phages carry antibiotic-resistance genes and other virulence factors\                                           [@B158]
                                                                                                                                                                                                                            • Self-dosing\                                                                                                        • Phages are perceived as intruders by the immune system (immunogenicity), which affect *in vivo* efficacy\            
                                                                                                                                                                                                                            • Rapid isolation\                                                                                                    • Ethical and social concerns towards genetic manipulation                                                             
                                                                                                                                                                                                                            • Less costly than antibiotics                                                                                                                                                                                                               

  **Chemical approach**                                                                                                                                                                                                                                                                                                                                                                                                                                                  

  \(1\) Chemical biocides                   Oxidizing agents (e.g., hydrogen peroxide), chlorine-based detergents (e.g., sodium hypochlorite), surface active compounds (e.g., quaternary ammonium compounds), iodophores   • Chemical biocides work at a range of pH, temperature, and concentrations\                                           • Not environmentally friendly\                                                                                        [@B235]\
                                                                                                                                                                                                                            • More cost-efficient as compared to biological biocides\                                                             \                                                                                                                      [@B238]
                                                                                                                                                                                                                            • Chemical mixes are easily prepared and applied                                                                      • Chlorine-based detergents are instable and toxic\                                                                    
                                                                                                                                                                                                                                                                                                                                                  • Some chemicals have corrosive effects on surfaces\                                                                   
                                                                                                                                                                                                                                                                                                                                                  • Hydrogen peroxide is effective only at high concentrations                                                           

  \(2\) Ozone                               *Via* either molecular ozone or its decomposition products (e.g., hydroxyl radicals)                                                                                            • Environmentally friendly\                                                                                           • Efficacy is highly dependent on temperature and pH as well as target microorganism\                                  [@B82];\
                                                                                                                                                                                                                            • Has GRAS status\                                                                                                    • Can cause irritation and other symptoms even at low concentrations                                                   [@B110]; [@B44]
                                                                                                                                                                                                                            • Rapid inactivation and leaves no residual components\                                                                                                                                                                                      
                                                                                                                                                                                                                            • Low overall energy consumption                                                                                                                                                                                                             
  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

### Cleaning-in-Place Processes

Cleaning-in-place protocols vary according to industries and the residues that need to be cleaned. Within dairy manufacturing plants, deposits can either be organic such as fats, un-denatured and denatured proteins, sugar, minerals, fruit cells and secondary manufacturing products such as gums, starches, emulsifiers and stabilizers, or inorganic such as calcium phosphate ([@B240]). As some processed dairy products have lower nutrient concentrations and water activity as compared to raw milk, spore-formation is favored over growth of vegetative cells, enhancing the need for different cleaning regimes in processing plants. While the cleaning process involves a combination of aqueous, foam or gel acidic and alkaline detergents, disinfection is carried out *via* a range of biocides that are able to reduce live bacterial cells and their subsequent outgrowth on surfaces such that they do not affect the specification of products. In the dairy industry, alkaline/caustic detergents (e.g., sodium hydroxide) are effective against organic deposits such as milk proteins and fat and work best at a temperature of 60--73°C whilst acidic solutions (nitric acid) removes mineral deposits (e.g., calcium phosphate) from milk and water ([@B31]; [@B109]; [@B13]). Nowadays, caustic blends containing additives, surfactants, emulsifying agents, chelating compounds and complexing agents and acid blends containing other acids and surfactants are being used for enhanced cleaning regimens and safer end products ([@B20]).

### Biocides

Even though optimized CIP processes are the standard cleaning procedures globally across dairy industries, the process mainly focuses on cleaning residues from equipment surfaces and reducing viable bacterial counts rather than removing established biofilms and reducing biofilm development ([@B165]). As none of the current control strategies are able to remove biofilms completely, better and more effective biocides that are in line with the EC directive regarding biocidal products \[Regulation (EU) No 528/2012\], combined control processes and alternative control methods need to be implemented, while at the same time keeping in mind costs, labor, energy usage, and product safety ([@B206]).

Across the dairy industry, the use of chemical biocides is routine with the choice of biocide reflecting some important considerations, including the need to be environmentally friendly, economical, non-toxic, non-allergenic, should not react with the surface material (corrosion or staining), is stable over ranges of pH and temperatures and should have a broad activity spectrum ([@B152]). The most common chemical disinfectants include oxidizing agents and chlorine-based detergents (sodium hypochlorite), hydrogen peroxide, ozone and peracetic acid, surface active compounds including quaternary ammonium compounds (QACs) and acid anionic compounds and iodophores ([@B235]). Disinfection alone is not enough to eliminate biofilms as they leave the EPS matrix intact ([@B175]). Therefore, it has been suggested that chemical control of biofilms should be coupled with mechanical methods to disrupt and break down the matrix, hereby reducing bacterial adherence to surfaces and increasing the effects of chemical biocides ([@B119]).

More recently, biological biocides such as enzymes and bacteriocins have gradually been introduced in an attempt to change the physico-chemical properties of adhesion surfaces as well as to provide a 'greener' and more environmentally friendly control method. Enzymes, which are non-toxic and highly specific, have been used by several research groups as an alternative method of control of biofilms. The efficiency of these enzymes is dependent on the species of bacteria involved and, as the EPS matrix is heterogeneous in nature, a combination of enzymes is usually required ([@B206]). When combined with surfactants to improve cleaning efficacy, proteases (e.g., savinase, everlase, polarzyme) and polysaccharide-hydrolysing enzymes (e.g., amylase, cellulase, pectinesterase, pectin lyase) have proven effective in the degradation of the EPS matrix and removal of bacterial biofilms ([@B166]; [@B150]; [@B210]). Meanwhile, bacteriocins, which are "ribosomally synthesized antimicrobial peptides produced by one bacterium that are active against bacteria, either in the same species (narrow spectrum) or across genera (broad spectrum)" ([@B41]) have also been trialed in the control of biofilms ([@B18]). The LAB-derived bacteriocins that could potentially be employed by the dairy industry for this purpose include nisin, lacticin 3147 or 481, and pediocin PA-1 ([@B47]). Notably, nisin is already widely used across the food industry and is categorized as a generally recognized as safe (GRAS) compound. These bio-active compounds can be adsorbed onto surfaces and are able to inhibit the adhesion of bacterial cells. There are thus a range of chemical and biological biocides which are relatively effective against biofilms. However, the development of resistance to some of the compounds already in use means that the more rapid commercialisation of solutions that to date have only been applied at a laboratory scale, is essential.

### Other Methods

While CIP processes and biocides have been key components of conventional cleaning approaches in dairy manufacturing plants, the aforementioned acquisition of resistance by bacteria is a cause for concern. Therefore, novel and improved control approaches must be introduced to maintain the quality and safety of dairy products. A summary of a few emerging control strategies will be presented in this review and readers are directed to reviews dedicated to novel and emerging methods of biofilm control for a comprehensive insight into the subject ([@B206]; [@B228]).

#### Ozone

Ozone, a highly oxidizing gas, is a potent antimicrobial used to combat bacteria, fungi, viruses, protozoa, and bacterial spores via the disruption of the cell envelope ([@B110]; [@B210]). [@B110] have demonstrated that molecular ozone and its decomposition products, e.g., hydroxyl radicals, react with intracellular enzymes, nucleic materials and components of the cell envelope and spore coats to inactivate bacteria and, hence, disintegrate biofilms. However, despite having strong antimicrobial properties, ozone is unstable and quickly degenerates into its by-products, water and oxygen, before it can act on microorganisms ([@B228]).

#### Ultrasonication

Ultrasonication is "a non-thermal process that uses sound waves with frequencies greater than the limit for human hearing, i.e., 20 kHz or higher" to inactivate pasteurization-resistant microorganisms ([@B111]). Inactivation of bacteria is done via low frequency ultrasound (also called high intensity or power ultrasound) applied in a liquid medium, whereby power levels of 10--1000 W/cm^2^ are generated resulting in cavitation ([@B184]; [@B237]). One of the latest studies on ultrasonication applied to thermoduric aerobic spore-formers has determined that high intensity power ultrasonication is able to inactivate microorganisms within 10 min and, when combined with pasteurization, all vegetative microbial cells are inactivated ([@B112]). The same research group has also been investigating the actions of ultrasonication on spores of *B. coagulans, B.licheniformis*, and *G. stearothermophilus*. Their studies determined that high intensity ultrasonication combined with pasteurization inactivated 65.74% of endospores present in non-fat milk while ultrasonication combined with a heat treatment at 80°C for 1 min inactivated 75.32% of endospores ([@B112]). Despite being a powerful tool as it can reach biofilms in cracks and crevices, ultrasonication alone cannot completely dislodge all biofilms. As noted above, perhaps through its use in combination with other antimicrobial agents (also including EDTA or ozonation), it can prove to be efficient ([@B12]; [@B228]).

#### Bacteriophage

Bacteriophage or 'phage' are ubiquitous "viruses that infect bacteria and are found in the same biosphere niches as their bacterial hosts" ([@B121]). Phage are able to control microbial biofilms in a natural, non-toxic and highly specific manner while being dependent on chemical composition and factors such as temperature, growth stage, media, and phage concentration ([@B205]; [@B27]). Phage can be used against single-species but also against multi-species biofilms as they are able to target their specific host without binding to co-resident species ([@B204]). It has been suggested that phage and bacteria can gradually come to co-exist in biofilms and, thus, combining phages with polysaccharide depolymerases or disinfectants may be vital for successful applications ([@B221]). It is important to note, however, that although phage therapy is considered to have considerable potential for such applications, several limitations still hinder its widespread usage as a reliable approach. These drawbacks include (i) the acquisition of resistance by mutated bacteria *via* mechanisms such as the blockage of phage adsorption, (ii) the prevalence of antibiotic-resistant genes or bacterial virulence factors in the phages that can be transduced to bacteria, (iii) questions regarding immunogenicity and effective *in vivo* usage of phages (iv) ethical and social concerns from the public in relation to genetic manipulation, and (v) appropriate classification and regulation of native phages due to their unconventionality ([@B80]; [@B100]; [@B120]; [@B55]; [@B234]; [@B158]).

Conclusion
==========

Profitability and reputation in the dairy industry are highly dependent on the quality and safety of the products generated. Pasteurization and refrigeration are the most important processes employed by industry to control pathogens and spoilage-causing microorganisms, but, their success can be restricted due to the existence of several bacterial species that are able to survive the industrial pasteurization process. Aerobic spore-forming bacteria, which form resistant biofilms, are able to survive these harsh conditions and result in dairy manufacturing plants suffering economic losses and shorter run times for equipment. Presenting a significant challenge for the dairy industry as well as the food/beverages industry as a whole, a greater understanding of the composition of biofilms and the factors that lead to their development is vital. Comprehensive research into the development of physical, chemical, and biological control strategies will eventually lead to new and innovative approaches to control biofilms. Meanwhile, whilst the novel approaches to controlling biofilms are still being evaluated, CIP approaches enhanced by chemical or biological biocides remain the most reliable cleaning strategies in the dairy industry.
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